INTRODUCTION
The progress of the understanding of the martensitic transformation in Fe-base alloys has been slow over the last few decades. Recently an attempt has been made to take a fresh look at the wealth of information available and to bring some order into this confusing field. The present report will be mainly focused on two recent publications [1, 2] . In order to understand the mechanism of the fcc+bcc martensitic transformation in Fe alloys it is essential to know its driving force and how it varies with the alloy content and temperature. In order to evaluate the driving force it is necessary to know where martensite forms, in particular the M, line, and how the thermodynamic properties vary with temperature. Almost 30 years ago [3] there were indications of two separate MS lines in some Fe-X systems and later studies have produced more information of the same kind. Supposedly, one MS line concerns lath martensite and the other one plate martensite. However, with a few exceptions [4-71 most evaluations of the driving force are still based on a single MS line.
In the present work the existence of two MS lines was accepted and they were evaluated from experimental information on the martensitic plateaux, i.e. constant MS values in some range of cooling rates, observed in very rapid quenching experiments. In the present work an attempt to rationalise the resulting values of the driving force for several alloying elements was made by plotting the values as function of the temperature in a common diagram.
It is also interesting to examine the effect of alloying elements on isothermal a martensite in an attempt to identify the main mechanism of that phenomenon. The interest in the kinetics of the isothermal martensite formation has mainly centred around the shape of the isothermal transformation curve and to explain its sigmoidal shape. Many such models have been developed which is in contrast to the relatively few attempts to explain the shape of the C-curve which was the subject of the present work.
TWO TYPES OF THE MARTENSITIC TRANSFORMATION ,y+a
In 1971 Morozov et al.
[g] studied the transformations in Fe with 0.01 %C from low to very high cooling rates. When plotting the arrest temperatures versus the cooling rate they found four plateaux and denoted them I, 11, I11 and IV. They identified plateau I11 with the formation of martensite by slip (lath martensite) and plateau IV with the formation of martensite by twinning (plate martensite). When trying to draw curves for the two MS temperatures for various alloying elements in an attempt to evaluate the driving forces, we
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From a large amount of data two MS lines denoted Tm and TN have been drawn for Fe with C, Ni, Cr, Cu, CO or Mn. The lines for Fe-C are shown in Fig. l . It is evident that the information is not always good enough to determine the intersection of the two MS lines very accurately. The constructions of all the systems are therefore based on the choice of a common temperature of intersection, 250°C. Diagrams for most other Fe-X systems are similar to Fig. 1 . Fe-CO is an exception because CO increases the MS temperature. See Fig. 2 . Information from all the systems is presented in Fig. 3 as T -TN plotted versus (T,+TN)/2. This diagram gives a strong correlation between these two quantities. 0 ? course, it should be real~sed that the good agreement for C, Mn, Ni and Cu mainly depends on the choice of a common temperature of intersection between the two M, lines. However, it is very interesting that the line for CO has almost the same slope although it goes to higher temperatures. The value of T,-T is closely related to the difference in driving force for the start of martensite transformation according to tKe two modes. Fig. 3 thus seems to indicate that this difference is mainly a function.of temperature, here given as (T,+T,)/2.
VARIATION OF DRIVING FORCE WITH TEMPERATURE
In view of the strong correlation between temperature and the difference in driving force for plate and lath martensite, indicated by Fig. 3 , the driving forces, calculated from the SGTE solution database [18] , at the plateau temperature for various alloying elements were plotted versus temperature in Fig. 4 . For each kind of martensite aU the lines start from a point representing pure Fe. It falls at 54S°C for lath martensite and the effect of CO is described by an almost straight line up to 800°C. The other elements decrease the MS temperature and the general tendency is that they increase the driving force. It should be emphasised that there is a strong uncertainty in these values due to the uncertain thermodynamic descriptions. Anyway, accepting the lines for C and Mn as typical, it would be almost possible to describe the effect of temperature with a single straight line from 800 to 250 ' C for all alloying elements. See sloping dashed line in Fig. 4 . That line would show that the driving force needed for starting the formation of lath martensite, increases strongly as the temperature is lowered. The dashed lines for lath martensite in Fig. 4 may be within the experimental uncertainty for most of the information. For plate martensite the effect of CO is much weaker and varies with temperature. It is difficult to draw a corresponding line representing all alloying elements. Accepting the sloping dashed line in Fig. 4 for lath martensite and 250°C as the intersection between the two MS lines, one can draw the line through that point of intersection and the point for pure Fe. The resulting line is almost vertical. Despite all uncertainties it is evident that the driving force for plate martensite varies with temperature much less than for lath martensite.
Accepting that there should be some line in F i g . 4 representing the effect of temperature on lath ,martensite, one should expect then to add a positive effect of solution hardening for each alloying element as one moves away from the value for pure Fe at 545°C. This would make the line for CO steeper than the dashed line and for all the other elements the lines would be more horizontal. Such a difference between the lines for CO, on one hand, and the other elements on the other is not shown by Fig. 4 . It is difficult to avoid concluding that the effect of solution hardening is too weak to be noticed and that the main effect is caused by the temperature. This is contrary to the prevailing idea about the effect of alloying elements that they cause solution hardening and, thus, an increase of the driving force.
ISOTHERMAL MARTENSITE IN HIGH ALLOY STEELS
It is difficult to identify the start of the isothermal transformation if it is preceded by the formation of some athermal martensite. The present work was thus concentrated on the information on isothermal martensite above the MS temperature. High alloy steels with MS below room temperature were first considered. It is generally assumed that the kinetics of isothermal martensite is governed by the rate of nucleation because the observed rate of growth is very high. It is thus common to employ nucleation theory.
A completely different approach to the kinetics of isothermal martensite was attempted based on the experimental C-curve. It was assumed that the time it takes for a nucleus of martensite to develop is governed by an activated process that, in principle, could go forth and back and the net rate is given by the difference in rate, as in the absolute reaction rate theory [19] . If the driving force, F, is small relative to the activation barrier, Q, then one gets, v n k-(F1RT)-exp(-Q/RT).
In principle, it should be easy to evaluate F as a function of temperature. However, the thermodynamic descriptions of the iron-base systems are not very reliable at low temperatures. It was simply assumed that F is proportional to TWT, where F was assumed to start from zero at To, the temperature where the time of formation of isothermal martensite goes to infihity, i.e. M S i The constant of proportionality is equal to the negative of the entropy of transformation. Thus, F/T was assumed to be proportional to (Msim-l) 
which gives v = llt o k/R.(M,i/T-l).exp(-QRT), where t is the time of formation of a certain low fraction of
isothermal martensite and k is a constant of proportionality. The quantity t.(Msi/T-l) was thus plotted logarithmically versus -1lT in an attempt to extract the activation energy, Q.
The information on the C-curves in Fe-Ni-Mn was thus modified by multiplying the time with (M&-1) and plotting it logarithmically versus -1/T. See Figs. 5 and 6. Msi was chosen as the highest reported temperature for isothemal transformation to martensite in each alloy since it has not been determined experimentally in the various alloys. The information on Fe-Cr-Ni was treated in the same way. A straight line was then chosen to fit the data for both Fe-Ni-Mn and Fe-Cr-Ni. The value of Msi was then changed so that the point at the highest temperature of each experimental curve falls on the chosen line. At lower temperatures the straight line gives a strong indication; that the rate controlling mechanism at low temperatures is essentially the same for aIl these steels and its temperature dependence can be evaluated from the straight line. It yields the surprisingly low activation energy of about 7 Wmol. The rate limiting mechanism thus seems to be a process with a very low'activation energy. It can hardly be a process involving individual movements of atoms. It would seem more promising to compare with the activation energy for slip or twinning although it may be difficult to see how such processes can take such a long time. At higher temperatures the fit of data to the straight line is less convincing and it cannot be used to support the kinetic equation. However, that was not the main purpose. evaluate the low temperature asymptote.
ISOTHERMAL MARTENSITE IN FE-C ALLOYS AND PLAIN CARBON STEELS
In the Fe-C alloys and plain carbon steels isothermal martensite has been observed above room temperature and close to lower bainite. The kinetics of lower bainite was first examined as a background for the analysis of the kinetics of isothermal martensite. It was assumed that the edgewise growth rate of bainite, including lower bainite, is mainly governed by diffusion of carbon away from the edge of a growing ferrite plate. In order to compare TTT diagrams for different steels it was thus convenient first to eliminate the effect of the carbon content. This may be done by applying Hillert's modification of Zener's equation for lengthening of a plate [25] , which yields xO is the initial mole fraction of carbon in the steel. The diffusion coefficient D varies with temperature and with xY. In order to reduce the uncertainty in a comparison between different steels one may thus study ?ot the rate v directly but vx01T which was then interpreted roughly as D.(xY1a -x0)R/80V . It will be assumed that the time to form a certain low fraction is proportional to the lengthening rate, andYog[t-~/x0] was thus plotted against -1/T. Information for formation of bainite was taken from a number of careful studies of TTT diagrams for low and high alloy steels and a single low temperature asymptote could be filled reasonably well to all the curves, see information from Cr steels in Fig. 7 ..Its slope corresponds to an activation energy of 80 kJ/mol. 28 -Ohmori et al. [28] :
E-4 6: Fe-l.Ol%C-1.01%Cr The information on steels transforming to bainite as well as isothermal martensite was treated in the same way, see information from Fe-C alloys in Fig. 8 , where the same asymptote was included. It is striking that the data on isothermal martensite is related to the data on lower bainite but displaced to shorter times by a factor of about 10.
It may be suggested that the formation of isothermal martensite in these alloys is closely related to the formation of lower bainite, e.g. by the following mechanism. Suppose the C-curves for bainite represents the formation of bainite units of a detectable size, say 10 pm in length. Assuming constant growth rate and a negligible incubation time one can then estimate that the bainite units were about 0.1 pm at the time when isothermal martensite starts to form. It thus seems possible that the isothermal formation of martensite units in these alloys may have been triggered by bainite units when they reached a size of about 0.1 pm. The slope of the straight line can be explained by assuming that the rate of formation of bainite is governed by diffusion of carbon away from the advancing edge of an a plate.
CONCLUSIONS
Two different MS lines for lath and plate martensite are here accepted. It is possible to account for most of the experimental information on the effect of C, Mn, Ni and Cu as alloying elements to Fe by accepting that the temperature of intersection is 250°C for all of them.
The calculation of the driving force for the start of martensite formation is rather uncertain due to uncertainties in the thermodynamic descriptions of the binary Fe-X systems at low temperatures and high alloy contents. However, the results on lath martensite indicate that the dependence of the driving force on the alloy content is mainly an effect of temperature and less an effect of solution hardening. The driving force increases, approximately linetirly from 500 Jlmol at 800°C to 2100 Jlmol at 250°C. It should be emphasised that this result depends on the choice of 250°C as the temperature of intersection between the two MS lines. In view of the considerable uncertainties involved, the result should be regarded as an interesting possibility rather than a proved fact. For plate martensite the driving force is rather independent of temperature and alloy content, about 2100 Jlmol. The conclusion is that the main barriers for formation of martensite are present already in pure Fe. They may be connected to the structure of the interface or to the mechanism of deformation. It is known that twinning plays an important role for plate martensite and slip for lath martensite. A very simple and probably too ndive suggestion of the difference in behaviour of the driving force for the two kinds of martensite would be that the driving force for twinning is high but relatively independent of temperature and the driving force for slip is lower at high temperatures but increases drastically at lower temperatures.
In the analysis of isothermal martensite many details were neglected but it seems possible to identify general tendencies. The main result of the present work is the conclusion that the information on isothermal martensite actually concerns different phenomena in two different types of steels. It should here bc emphasised that only so called a martensite was examined.
For high alloy steels with loy MS the slope of the low temperature asymptote corresponds to ar activation energy of 7 Wmol. Even though this value is very uncertain, the analysis clearly indicates tha the rate controlling mechanism has~a very low activation energy and can hardly depend on any diffusior process. It is more probable that dislocation movements are involved.
In carbon containing steels, which also transform to bainite, the time of formation of isotherma martensite is about one tenth of the time for the first observation of lower bainite. It thus seems natural tc propose that isothermal martensite in these alloys is triggered by the formation of submicroscopic plate-likt bainite, still too small to be recognised as bainite. The slope of the asymptote corresponds to an activatio~ energy of about 80 Wmol. This is very much higher than the value obtained for the first group of alloys anc from a practical point of view it is not difficult to distinguish between the two cases.
This work was supported by a special grant from the Royal Institute of Technology and NUTEK. Thanks are also due to professor John Agren for his advice and encouragement.
